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Abstract

This thesis discusses an experimental technique for investigating electron temperature
control by Rydberg atoms in ultra-cold plasmas. The objective we set ourselves was
twofold. Firstly, we sought to gain an insight into the processes whereby the creation
of Rydberg atoms within the plasma lengthens the lifetime of the plasma. To this end,
we created the plasma using a Littman dye laser and subsequently, at a variable time
delay, we excited neutral atoms in the plasma to specific Rydberg statcs using a
narrow bandwidth pulsed dye laser. Secondly, we employed radio-frequency (rf)
electric fields to excite electron oscillations within the plasma in order to infer such
information as plasma density and electron tcmperature. Although we found that the
introduction of high angular momentum Rydberg states did lengthen the plasma
lifetime we were not able to differentiate between the temperature moderation effect
due to the Rydberg atoms cooling the plasma., and the binding effect due to an
increased positive space charge within the plasma.
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Chapter I
A. Historical OveIView

In 1964, Townes, Basov and Prokborov were awarded the Nobel Prize in Physics "for
their fundamental work in the field of quanttlm electronics, which led to the
construction of oscillators and amplifiers based on the maser-laser principle." [1]
Drawing on their knowledge of a similar appliance for microwaves, known as the

maser, they originated the theory of the optical maser, i.e. the laser, and put forth a
description of how the maser principle could be applied in the optical range. As a
result of their work the first functioning laser was first built in 1960 by Th. Maiman.
While big and rather clumsy at fIrst, lasers quickly developed into interesting physical
systems as well as powerful tools for investigating new phenomena. The great merit
of lasers lies in their ability to deliver coherent light beams characterized by high
intensity and very good directionality. Never before had conventional light sources
generated beams offering such high energy and momentum density. In view of these
properties, scientists soon realized that laser light could be employed to affect the
motion of atoms and molecules. Confirmed by Lebedev's experiments at the tum of
1h

the 19 century, the fact that electromagnetic radiation exerts pressure on any surface
exposed to it had been know ever since Maxwell had derived it theoretically in 1871.
In the decade subsequent to the invention of the laser two important developments

rendered it clear that the mechanical manifestations of laser light would lead to the
discovery of interesting effects. They were tbe suggestion by V. S. Letokhov of a
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magnetic trap for atoms and the derivation by A. Ashkin of the light pressure force on
an atom in resonance with the light beam.
It was only in 1975 that these ideas rose to prominence within the scientific
community when T. W. Hanscb and A. L. Schawlow recognized that laser light,
under the right conditions, could be used to slow down free atoms and thus cool them
(2). This is feasible because radiation imparts momenrum to the atoms it is absorbed
by and, consequently, the momenta of the atoms change accordingly as required by
momentum conservation. For instance, atoms in a counter-propagating laser beam are
acted on by the radiation pressure force. With each absorbed photon the atom
acquires momentum in the direction opposite to its motion, and since subsequent
spontaneously-emitted photons carry momentum arbitrarily in all directions, the
scattering of many photons leaves the atom on the average with a decreased velocity.
As a result cooling occurs. However, strongly interacting atoms slow down until the
change in their Doppler shift takes them out of the resonance range. In order to
maintain the scattering force as close to its maximal value as possible this change in
the Doppler shift must be compensated for.
Around 1980, the ideas above came to fruition in the flI'St successful experiments on
laser cooling, which were carried out by V. 1. Balykin and V. S. Letokhov in Moscow
and W. D. Phillips and his collaborators at Gaithersburg. The research group of
Phillips devised, in its pioneering experiments, two ingenious methods whereby the
change in the Doppler shift could be offset. They are known as Zeeman slowing and
chirp cooling. The fonner makes use of the Zeeman effect of a varying magnetic field
to perturb the atomic energy levels so that the transition frequency matches a constant
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laser frequency. The latter employs chirped pulses, i.e. pulses in which the laser
frequency is scanned rapidly over an appropriate range, to keep track of the Doppler
shift as the atoms slow down.
Further developments in this field ensued rapidly after these experiments revealing
numerous subtleties in the interaction between the atoms and the light field. At the
same time optical traps also evolved. Chu and his collaborators at Bell Laboratories
trapped slow atoms by means of a laser cooling technique known as optical molasses
to obtain a very cold atomic vapor. The term optical molasses refers to the
configuration of three orthogonal pairs of counter-propagating laser beams along the
Cartesian axes and came about by analogy to the viscous drag experienced by a body
moving in molasses. Damping of the atomic motion arises as a result of the imbalance
in the light forces: due to the Doppler effect a moving atom scatters light
preferentially in the direction opposite to its direction of motion, whereas a stationary
atom experiences no net force [3]. The trapped atomic gas attains the equilibrium
temperature when diffusive heating balances cooling. A notable shortcoming of thc
purely optical trap is that it is too weak and small to allow for the accumulation of
large numbers of atoms that could potentially exhibit physically interesting behavior.
However, with the addition of magnetic field gradients in combination with the
eorrect circular polarizations for the laser beams the optical molasses configuration
can be turned into a much more effective trap.
Such a magneto-optical trap (MOn was first proposed by 1. Dalibard from Paris in
1986, and was then demonstrated by D. E. Pritchard's group in collaboration with
Chu [3]. Unlike for purely magnetic traps, the magnetic field in an MOT is much
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weaker as it'S purpose is to cause an imbalance in the scattering forces ,of the laser
beams through Zeeman tuning of the photon absorption. The requisite magnetic
gradients are generated by a pailr of coils with currents in opposite directions which
produce a quadrupole magnetic field. At the center of the coils the magnetic field is
zero and its magnitude increases linearly in every direction in a small neighborhood
about its zero point. The mechanism of an MOT can be readily illustrated for tbe case
of the J

= 0 to J = 1 transition [3 J.

Close to the center of the trap the magnetic fiel'd

gradient lifts the degeneracy in the J = 1 level giving rise to three sub-levels
corresponding to M J

= 0,

± 1. As the field gradient is uniform the energy sub~levels

vary linearly with the atoms position along any of the three axis. The counter
propagating beams illuminating the atoms are detuned slightly below the atomic
resonance (i.e. red deruned) and ha,ve opposite circular potarizations cr+ and (f. The
labels cr+ and cr" describe r.adiation of the handedness drivmg the cr+ and cr- transitions.
Thus, radiation denoted (1""" imparts pos~tive angular momentum about the quantization
axis (one of the U1ree orthogona~ axes), that is

~J

= +1 (and simj'larly for cr) For an

atom shifted from the zero point along an axis one of the transitions aM] = ±l moves
closer to resonance with the frequency of the laser. The selection rules for the
transitions to the Zeeman states lead to absorption of photons from only one of the
beams which in tum causes the scattering force to push the atom back towards the
center of the trap [4].
This trapping mechanism ensures that MOTs are extremely robust and that atoms are
strongly confmed. Therefore, the MOT constitutes a source of cold atoms for a wide
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variety of experiments and a tool of utmost importance for experimental progress in
atomic and molecular physics.
The sophisticated laser cooling and trapping methods S. Chu, C. Cohen-Tannoudji
and W. D. Phillips developed earned them the 1997 Nobel Prize in physics.

B. Plasmas

1. Creation of Ultra~Cold Plasmas

Plasmas are ionized gases wherein ions and free electrons move independently as
charged particles. In view of its unique properties plasma is regarded as a distinct
state of matter. Moreover it is also thought to be the most

commOD

forms of matter in

the universe. The temperature ofpfasmas spans an extremely wide range from 10 16 K

in the magnetosphere of a pulsar and a few million K in the corona of our sun to 300
K in the iono~bere of the earth [6].
However, in 1999 T. Killian et al. succeeded in creating an ultra-cold neutral plasma
at the Physics Laboratory of the National Institute of Standards and Technology
(NIST). The reported electron and ion temperatures were as low as 100 mK and 10
~

respectively [6]. Such extremely low temperatures were attained by colfecting the

atoms in a MOT and then cooling them with optical molasses. The plasma itself was
obtained by photoionizing the cloud of laser-cooled atoms. The energy difference,
~,

between the photon energy and the ionization potential is distributed between
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electrons and ions, with the fanner receiving most of it because of the large ion to
electron mass ratio and the need to conserve linear momentum. The fraction of
ionized atoms in this experiment was as low as less than 10%. However, no
interactions between charged and neutral particles were found. This was attributed to
the fact that the mean free path of such collisions was much greater than the sample
size. An external electric field was applied to the plasma to direct the charged
particles towards the microchannel plates for detection. The researchers proposed a
simple model for explaining their observations. According to it a spatial charge
imbalance gives rise to the plasma, Although the charge distribution remains neutral
right after the photoionizing laser pulse, the electron cloud soon expands because of
its initial kinetic energy generating a spatial charge imbalance. This in turn creates an
internal electric field which produces a Coulomb potential well for electrons. All
electrons escape if the potential well is not deeper than the initial kinetic energy. If,
on the other band, enough atoms are photoionized only the outermost electrons
escape allowing the ones inside the well to redistribute their energy through
collisions. The electrons that acquire energies above the trap depth through
thermalization evaporate thus increasing the depth of the well. As evaporation
dwindles the remaining electrons can be removed by applying a large enough external
electric field. Based on this model, Killian et al. inferred the existence of a threshold
number of positive ions requisite for trapping to occur. The higher

~,

the energy

imparted by the laser to the electrons, the greater the positive charge required La trap
electrons [6}. While overall the cloud is not precisely neutral after the more energetic
electrons escape from tbe potential well, its core remains neutral to a good degree of
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approximation as electrons escape most readily from the outermost shell of the cloud.
The Coulomb expansion of the cloud was discovered to be a limiting factor on the
time window available for studying the plasma in the high-density regime. It is due to
the residual charge imbalance and also diminishes the depth of the potential well.
It is noteworthy that ultra-cold plasmas are of great interest because in the surmised
absence of three-body recombination, a prevalent phenomenon in high temperature
plasmas, novel properties are anticipated. One of the key measures of any plasma is
th~

the recombination rate, i.e.

rate at which ions and electron recombine to form

neutral atoms [7]. Three-body recombination is only one of the three main
recombination processes theory predicts. They all vary in efficiency with temperature
and density in a known way. At high temperatures the tree-body electron-ion
recombination rate scales as T 92 , where T is the temperature in Kelvin [8,10]. By
extrapolating to the conditions of this experiment one arrives at a predicted
recombination rate on the order of a few per nanosecond. This extension of the theory
does not account for the long lifetime of the plasma (""":'100 Ils) clearly indicating the
need for a new theoretical framework.
Although "artificial" in that they only exist m laboratories on earth, ultra-cold
plasmas are thought to model the interior of white dwarf stars or gas giant planets like
Jupiter. Subsequent experiments on plasmas have brought to light fascinating
phenomena such as plasma expansion and three-body recombination to Rydberg
atoms.
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2. Spontaneous Evolution of Rydberg atoms to Ultra-Cold Plasmas

Rydberg atoms are excited. atoms with very high principal quantum number, n. From
a classical point of vicw, Rydberg atoms can be viewed. as consisting of a valence
electron in a large orbit about the nucleus, and an ionic core. The many core electrons
shield the outermost (Rydberg) electron from the electric field of the nuclear charge
which leads to a lower binding energies and renders the atom more susceptible to
ionization. The Rydberg electron has a polarizing effect on the charge distribution in
the ionic core. That is, the electron distorts the cloud consisting of (Z-I) electrons
surrounding the nuclear point eharge +Z [4]. However this rather simp listie classical
approximation does not always yield a useful physical interpretation. The quantum
mechanical view, on the other hand provides explanations for such properties as
unusually long lifetimes. They are a consequence of the relatively linle overlap
between the wavefunction of the Rydberg electron and the wavefunctions of the inner
electrons. Tn sum Rydberg atoms atoms have exaggerated properties, are easily
influenced by their environment, and thereby easily controllable by laser beams and
external fields.
Dense samples of cold Rydberg atoms exhibit collective phenomena mostly
characteristic of solids and dense physical systems (9]. This is the case because on
time scales typical of these experiments (on the order of a few hundred microseconds)
the atoms are virtually stationary (on the average they move only a few percent of thc
interatomic spacing) and therefore their large dipole moments induce atomic
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interactions si.milar to the ones observed in disordered solids. These mteractions are
strong smce they scale as n2 , where n is the principal quantum number [9].
In view of the properties outlined above the possibility that they could be employed in
producing ultra-cold plasmas suggested! itself. Indeed it has been experimentally
shown that, m adclition to being created by pbotoioniza'tion of a gas ,of laser-cooled
atoms, ultra-cold plasmas can also spontaneously evolve from a dense sample
comprising a mixture of cold Rydberg atoms and a small number of bot atoms. A
possible mechanism whereby this happens was first expounded by M. Robinson et al
in 2000 ~ 11]. It involves several stages. Ini,tiaUy the laser pulse exciting the Rydberg
transitions creates mostly cold Rydberg atoms as wen as a small number of hot ones.
Subsequently ionization occurs as a result of blackbody photoionization and atomic
collision between hot and cold Rydberg atoms. The free electrons arising from these
processes then leak out of the

cent:ra~

part of the gas

unti~

enough cold cations have

accrued to trap electrons subsequently produced in the MOT. Ionizing collisions
between electrons and R.ydberg atoms :finany initiate avalanche ionization which
leads to plasma fOIDlation. The collisions afe due to the rapid mcwement of the
trapped electl'Ons and the large cross sections for ionization of Rydberg atoms.
Avalanche ionization designates precisely the osciHatory movement o,f the electrons
through the gas that engenders ionization. Robinson et a1. also pQi,ot out that while
collisions and blackbody photoion.ization can supply at mo-st 10% of the energy
necessary to convert bound atoms to plasma it is unclear, however, what prooesses
account for ilie rest. It was hypothesized that superelastic scattering of electrons from
some atoms may explain this discrepancy.

9

Nevenheless ensuing experiments investigating spontaneous plasma formation have
elucidated! this aspect. The process found to be responsible for the maintenance of the
energetic balance was population redistribution to Rydberg states (12]. That is,
electron-Rydberg atom ooillisions occurring when the positive space charge density is
high enough to trap electrons causes redistribution of population from the initial
Rydberg state to nearby high-l states. Eventually through dipole-dipole interactions
the ensuing collisions engender the migration to n states both above and below the
initially populated state. Consequently a large fraction of the initial Rydberg state
atoms become ionized whereas the remainder moves to lower-lying states, thus
maintaining the energy balance in the system. This key process had not been
identified in the initial experiments and was therefore discounted as a possible
explanation for the energy imbalance.
In addition to this it was also found that samples of purely cold Rydberg atoms ionize

spontaneously. An analysis of the dependence on n of NT, the threshold number of
Rydberg atoms needed to trigger avalanche ionization, revealed that for hot-cold
mixtures of atoms NT scales. as n· 2.1, while for a purely cold sample NT scares as n·3.1,
and that for high n it was a factor of 2 higher for purely cold atoms than for mixtuJes
[12]'. From these results it was inferred that blackbody ionization is negligible in the
preavalanche. regime. While in the case of mixed samples hot-cold collisional
ionization dominates the initial ionization mechanism, in the case of pure samples of
high~lying

Rydbc-rg atoms the initial

ionization mechanism has not been

unequi,vocally identilfied.. The two proposed causes of ionization were static overlap
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or slow collisions between pairs of closely spaced Rydberg atoms, and resonant
dipole-dipole energy transfer which had been observed in cold Rydberg gases.

3. The Dipole-Dipole Interaction

Given the central role the dipole-dipole interaction plays in plasma evolution this
process merits a brief description. In a paper published in 2005, Li et a1. reported that
resonant dipole-dipole interactions play an important role in initiating the
spontaneous evolution of cold Rydberg atoms to plasma [9]. Two neutral atoms
interact with each other via their electric multipole moments. The multipole
interaction that dominates at longest range is the dipole-dipole one. In the absence of
any external fields a neutral atom occupies a slate of defmite parity with no
permanent dipole moment, only a transition dipole moment Due to the resonant
dipole-dipole interaction two dipole connected atoms in states of opposite parity, s
and p, can form two molecular states, sp and ps, which are not degenerate at fioite
separation R and have energy spacings of ±Jllk, where J.l is the s - p transition dipole
moment expressed in atomic units [9]. The forces induced by dipole-dipole potentials
cause the motion of Rydberg atoms, which then collide, and ionize providing the
initial ionization required for the evolution to a plasma. The resulting ion, and more
tightly bound atom, have speeds higher in magnitude by roughly a few oqiers than the
speed of the initial cold Rydberg atoms. However, if the

t~vo

atoms do not occupy

dipole coupled states, there is no first order interaction to lift the degeneracy at large
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separations and therefore one recovers the van der Waals interaction scaling as I/R 6 ,
not as l/R 3 [II].

4. Motivation

In this project we undertook to investigate the interactions of Rydberg atoms and
electrons in ultra-cold plasmas with a view to developing an experimental technique
for studying plasma temperature control by Rydberg atoms. The objective we set
ourselves was twofold. Firstly, we wanted to gain a better understanding of the
processes whereby the creation of Rydberg atoms within the plasma lengthens the
Lifetime of the plasma. Secondly, we employed radio-frequency (IT) electric fields to
excite electron oscillations within the plasma. This latter part of our objective is
somewhat subordinated to the former in that plasma oscillations are a valuable probe
of the ion and electron plasma density as well as the plasma temperature. Using these
oscillations to map the plasma density distribution and extract some information
regarding particle dynamics during the expansion of the ion.i.zed gas, be that
quantitative or qualitative, we had hoped to elucidate the processes causing the
temperature moderation effect.
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Chapter II

A. Experiment

In the following sections we provide a description of the experimental apparatus we
made use of in tWs project

1. The Magneto-Optical Trap (MOT)

The main item of apparatus. in our experiment is the vapor-cell magneto-optical trap
(MOT) at Colby College. The MOT is equipped with internal field plates, which
allow electric fields to be applied to the atoms, and a micro channel plate (MCP)
detector. The field plates and the MCP detector constitute additions to the basic MOT
necessary for collecting data in Rydberg and plasma experiments.
The two parallel field plates are made from high transparency stainless steel mesb and
are located such that the cold atoms under investigation be half-way between them.
The MCPs are found behind one of the field plates, They are compact electron
multipliers of high gain, probably the most common type of detector used in particle
and photon detection systems. A typical MCP consists of about 10,000,000 closely
packed channels about 10 microns in diameter. Each channel acts as an independent,
continuous dynode photomultiplier. The
6

maxiroa~ gains

achievable are on the o.rder of

8

10 -1 0 • The governing physical parameter which determines gain is the LID ratio
(length to diameter of the individual channels). The higher this ratio the higher the

13

gain. An important property of MCPs consists in their relative immunity to magnetic
fields.
The vapor of rubidium atoms resides at the center of a cylindrical stainless steel
vacuum chamber. The chamber is pumped by a 20 liter/s ion pump and has a base
pressure of less than 10-9 torr. There is ample optical access for both the trapping
laser and the pulsed laser through mounted. windows. A pair of air-cooled coils in
anti-Helmholtz configuration located outside the chamber produce a central magnetic
field gradient of up to 20 Gauss/em.
The three orthogonal pairs of circularly-polarized, counter-propagating laser beams
cooling the Rb atoms are derived from a single external cavity diode laser that is
locked. to the appropriate hyperfrnc component of 5s 1 '2 to 5P312 transition. The diode
laser beam is amplified by an injection-locked non-cavity diode laser, expanded to a
diameter of 10 mm, and then split into three beams which are fed into the vacuum
chamber in the optical molasses configuration. The number of trapped atoms can be
readily estimated. by measuring the fluorescence emitted into a known solid angle
using a sensitive optical power meter. The cold Rb vapor in our trap typically
comprises up to 108 Rb atoms in a spherical volume of about 1.5 mm in diameter and
bas a roughly Gaussian spatial distribution. Thus, the maximum number density
achieved is approximately 5)(10 10 em-3 . The Rb vapor temperatures attained by means
of this method are typically of about 100

~,

atom pairs of about 0.2 mls.
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corresponding to collision speeds of

controlled by the rotation of the optical element, and can therefore be smoothly
scanned over the entire gain region of the dye. Our Littman laser used coumarin 480
dye with a peak output pulse energy of 100 !A1 around 480 nJn.
Excitation of the 5'P3n atoms to various Rydberg states is achieved by usmg a
frequency-doubled purse~ampli£ied diode laser based on an external cavity diode laser
having a narrow I!.inewidth [B]. This pulsed laser system ensures relatively stable
Rydberg state populations. The diode laser is operating at around 960 nm. The output
power of the laser cavity is about 5 mW. and the spectral width is less than 10 MHz.
The operation of the laser is monitored with a scanning confocal etalon, and the
wavelength is measured using a commercial wavemeter. After passing through a 40
dB optical isolator, the light from the diode laser is amplified in three dye cells (LDS
925) pumped with the 532 nm light from a Continuum Nd:YAG lase and then
frequency doubled! to 480 nm in a KNi03 crystaL The doubled output is 20-40

~

per

pulse. with a spectral width that is Fourier tran,sform limited by the 10 ns YAG pulse
to approximately 1'00 MHz. Using this system the shot-to-shot variation in the
Rydberg signal is less than ±IO%.
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We made use of the field ionization pulse to accelerate the electrons towards the MCP
detector in order to selectively monitor the evolution of the Rydberg gas, as weHas
that of the plasma both in the absence and in the presence of Rydberg atoms, at
various time delays after they were created. The peak value of the field ionization
pulse is roughly 1000 V with a rise time of 1 /lS.
Once the electrons reach the MCP the signal is amplified, averaged over several laser
shots, and thereafter displayed on the screen of the oscilloscope in the form of a time
of-flight spectrum. The time-of-flight of the electrons to the MCP is negligible, and
the actual arrival time is determined by the time at which the voltage pulse reaches
the electric field required to ionize a particular Rydberg state, or to overcome the
Coulomb potential well trapping the free electron. A5 for the free electrons in the
plasma outside the potential well, they are virtually instantaneously detected. The
electrons arriving last are the ones most tightly bound to their parent ion or, in the
case free electrons residing in the potential well, the ones lowest in kinetic energy.
The time-of-flight spectrum is also sensitive to the angular momenta of the populated
states. Hence, time-of-flight spectra encode information on the Rydberg population
distribution and the energy spectrum of plasma electrons.

5. Experimental Setup

The experimental procedure we implemented in order to determine the process
whereby the Rydberg atoms lengthen the lifetime of ultra-cold plasmas is described
below.
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After having trapped a cold Rb vapor of as high a number density as our MOT would
permit, that is, on the order of 108 atoms, we photoionized a considerable fraction of
the trapped atoms with the Littman laser. The Littman laser had been calibrated
previously to afford reliable control over the kinetic energy of the liberated electrons
and, thus, over the initial temperature of the plasma. At a variable time delay, Do,
ranging from I to 5

j.lS,

subsequent to the creation of the plasma a second laser, the

frequency-doubled pulse-amplified diode laser, would excite Rydberg transitions
within the plasma.
In a previous experiment on ultra-cold plasmas performed at Colby College one laser
pulse was delayed with respect to the other by the use of an optical delay line. The
chief limitation of this procedure resides in the fact that it can only produce delay
times on the order of IOns. Achieving delay times on the relevant timescale of up to
10 Ils is unfeasible in our laboratory because of the limited space at our disposal.
We therefore opted for an alternative method. We chose to synchronize the two laser
pulses and the field ionization pulse by the use of three four-channel digital delay
generators (DDG). The Master DDG was internally triggered at a frequency of 10Hz
and then used to trigger the Continuum Nd:YAG laser. Two other DDGs were used.
The second triggered the QuanteI Nd:YAG laser so that it fired at a controllable
interval before the Continuum Nd:YAG laser. The third DDG was used to
synchronize the detection electronics. Figure 5 below shows the laser synchronization
diagram. As can be seen in the diagram, two DDGs control the delays for both the

flash lamps and the Q-switches of the two Nd:YAG lasers, while a third controls the
timing of the field ionization pulse.
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Chapter III

Observations

A. Two-Laser Experiment

The data we collected consists of sets of plasma spectra for various values of the
experimental parameters we can control. In the first part of the experiment we took
three sets of plasma spectra, both with and without the Rydberg laser, at delay times,
fl, of 1 through 5 IlS for two different initial plasma electron temperatures, 26 K and

140 K, and two different Rydberg states, 40d s12 and 42s 12 . For this part we only
applied a small DC to the field plates.
The spectra corresponding to an initial plasma temperature of 26 K revealed that
while the 40d s'2 Rydberg state only gives rise to a small, barely visible, lengthening
effect for a delay of 5 IlS (Figure 7), the 4251'2 Rydberg state produces no visible
lifetime lengthening effect whatsoever (Figure 8). The spectra corresponding to an
initial plasma temperature of 140 K indicated that the creation of 40d512 Rydberg
atoms brings about a small, yet discernible, lengthening effect for 1, 2, and 3

j.lS

delays (Figure 9). These observations are based on a qualitative analysis of the
spectra and hence a few clarifications on the interpretation of the spectra are in order.
These spectra enable us to accurately track the evolution to the plasma. The lifetime
of the plasma is given by the length of the gentle bump following the spike associated
with the arrival of the electrons freed by the photoionizing laser pulse. The end of the
plasma lifetime is marked by a kink in the spectrum. The effect of the Rydberg laser
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pulse, as manifested in the spectrum, consists in superposing a second spike on the
gentle bump mentioned above. This spike corresponds to the ionization triggered by
the population of the Rydberg states through the immediately ensuing population
redistribution processes. As st.2ted above, when driving Rydberg transitions to the

40d 51l state in the hotter plasma we observed that the kink marking the end of the
gentle bump is unambiguously located at a later time than in the case where the
spectrum is taken without the Rydberg laser for the three smallest delays. When
populating the 42sl,2 state we cannot pinpoint the position of the kink and therefore
cannot infer the existence of any lengthening effect. Finally, when exciting to the
40dsIl state in the cooler plasma we deduce the existence of a lengthening effect for

the 5 JlS delay from the overall more gentle downward slope of the bump.

In addition to the spectra mentioned above, we also obtained three sets of spectra in
an effort to track the evolution of the plasma both with and without the presence of
cold Rydberg atoms at various times after its creation by utilizing a field ionization
pulse delayed at different times with respect to the plasma laser pulse (Figure 10).
What these electron time-of-flight signals reveal is that the plasma formed when both
laser are used is more tightly bound than that due solely to the Littman laser. This
technique, however, does not illuminate the reasons why this is the case, i.e. whether
the pre-existing plasma accelerates the evolution of the subsequent Rydberg atoms to
plasma, or whether the Rydberg atoms stabilize the plasma.
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B. RF Excitation

In the second part of the experiment we colIected two sets of collective modes spectra
of the plasma. The former was taken at an rf frequency of 84 MHz for power levels
ranging from -15 to 5 dBm, whereas the latter was taken at various frequencies for
the same power level setting of 0 dBm. We estimate that the plasma electron
temperature for his part of the experiment was about 1 K. In the presence of rf electric
fields additional peaks appear on the bump in the electron signal. The peaks in these
speclra arise as follows: The rf field excites plasma oscillations only where the
plasma frequency is resonant with the plasma. The shell of the plasma with the
appropriate electron number density thus gains energy. This energy is thereafter
collisionally redistributed among all electrons, raising the electron temperature. The
resulting increase in the evaporation rate of electrons out of the Coulomb well
produces the plasma oscillation response observable on the spectra in the form of
peaks [16].
In Ref. [15], the application of an rf electric field lead to the observation of a single

peak, which was attributed to the excitation of the fundamental plasma resonance at
the plasma frequency. Under the assumption that the peak of the response
corresponded to the time when the average plasma frequency equaled the plasma
frequency, the relation between the plasma frequency,

0),

and the electron number

density, n(r), is given by
0)

2(r)

= n{r)e2/Eo01.e,

where Eo is the vacuum permittivity, e the electron charge, and Ole the electron mass.
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The first set of spectra (Figure 11) shows that induced rf electron oscillations in the
plasma hasten the destruction of the plasma, and, moreover, that the plasma becomes
more short-lived as the power level increases.
The second set of spectra (FIgure 12) reveals the correlation between the plasma
frequency and its density, highlighting the fact that such spectra do indeed constitute
signatures of the plasma. MOIe specifically, this set shows thai the more the plasma
expands the lower its frequency and therefore the longer it lives when the radio
frequency of the external electric field is low.
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Chapter IV

Conclusion

We set out to determine whether there was an effect on plasmas due to Rydberg
atoms or not, and we found that there was. The spectra displayed in figures 7 through
9 lead us to believe that the population redistribution process, which facilitates
ionization and therefore increases the plasma lifetime, is more effective when high
angular momentum Rydberg atoms are introduced into the plasma. From them we can
also deduce, with less certainty due to the quantitative nature of our spectral analysis,
that 40ds12 Rydberg atoms lengthen ,the lifetime of batter plasmas but not the one of
cooler ones. We are currently UDsure as to what mechanism could be responsible for
this observation.
However, in spite of these results we have not been able yet to differentiate between
the temperature moderation effect due to the Rydberg atoms cooling the plasma, and
the binding effect due to an increased positive space charge within the plasma.
Ideally, we would like to be able to refme our experimental technique as much as
required to decouple the effects of these two processes. To achieve tbis, further, more
in-depth inquiry into the mechanism of collective modes is absolutely necessary in
order to extract such information as plasma density and electron temperature from
plasma oscillation spectra.
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